Aims: The NF-E2 p45-related factor 2 (Nrf2) signaling pathway regulates the cellular antioxidant response and activation of Nrf2 has recently been shown to limit tissue damage from exposure to environmental toxicants, including As(III). In an attempt to identify improved molecular agents for systemic protection against environmental insults, we have focused on the identification of novel medicinal plant-derived Nrf2 activators.
Introduction

I
norganic As(III) is a ubiquitous environmental contaminant found in water and dust that poses a considerable threat to human health worldwide (2, 3, 5, 6) . Among various organ systems, the lung has been identified as a major target organ for As(III)-induced acute and chronic toxicities (8, 9, 16, 22, 40) . Indeed, a strong association between As(III) exposure and increased incidence of pulmonary malfunctions (such as chronic cough, bronchitis and shortness of breath) has been substantiated, and human epidemiological studies provide strong evidence in support of a carcinogenic activity of As(III) on the lung (38, 40, 41, 49) . Therefore, an urgent need exists for the identification and development of protective strategies that limit As(III)-induced lung damage.
Innovation
Tanshinones have been identified as a novel class of NF-E2 p45-related factor 2 (Nrf2)-inducers for antioxidant tissue protection in an in vivo As(III) inhalation model, that is relevant to low doses of environmental exposure.
Cumulative evidence suggests that the NF-E2 p45-related factor 2 (Nrf2) signaling pathway represents an important cellular defense system that suppresses tissue damage caused by acute or chronic exposure to various environmental toxicants, including solar ultraviolet radiation, xenobiotics, and heavy metals (10, 20, 42, 59) . Enhanced sensitivity of Nrf2 knockout (Nrf2 -/ -) versus Nrf2 wild-type (Nrf2 + / + ) mice towards pulmonary damage from various toxicological challenges, including diesel exhaust particles, cigarette smoke, diquat, and As(III) has been documented (4, 24, 26, 43, 57) . Our earlier experiments have demonstrated that stable knockdown of endogenous Nrf2 rendered cells more sensitive to As(III)-induced cell death (53) . We and others have also demonstrated the interventional potential of diet-derived Nrf2 activators including sulforaphane (SF), lipoic acid, and cinnamaldehyde for the suppression of As(III) cytotoxicity through modulation of the Nrf2-dependent cellular defense mechanism (15, 23, 48, 53, 56) . For example, SF has been shown to limit organ toxicity of As(III) in vivo when As(III) was administered through drinking water (25) . More recently, we have shown that Nrf2 status determines the sensitivity of mice to As(III)-induced lung damage and that Nrf2 modulation using SF prevents inflammatory tissue damage in an in vivo As(III) inhalation model that is relevant to low environmental human exposure to As(III)-containing dusts (62) .
The transcription factor Nrf2 is thought to control tissue damage from environmental insults by upregulating the expression of genes involved in antioxidant response and xenobiotic metabolism (20, 25, 26, 59) . Nrf2 is negatively regulated by Kelch-like ECH-associated protein-1 (Keap1), which forms an E3 ubiquitin ligase complex with Cullin 3 (Cul3) and Rbx1 (61) . Under normal conditions, cells maintain low constitutive levels of Nrf2 because the Keap1-E3 ubiquitin ligase complex constantly ubiquitinates Nrf2 and targets it for degradation by the 26S proteasome. When cells are exposed to exogenous stimulants, such as SF and tert-butylhydroquinone (tBHQ), the activity of the Keap1-E3 ubiquitin ligase complex is thought to be impaired due to modifications of critical cysteine residues in Keap1, particularly C151, leading to stabilization of Nrf2 (60) . Nrf2 then translocates to the nucleus and binds to the antioxidant response element (ARE) in the promoter regions of cytoprotective genes (13, 17, 27, 50, 61) . The Nrf2-target genes encode proteins with diverse cellular functions. For example, c-glutamylcysteine synthetase (c-GCS) and NAD(P)H quinone oxidoreductase (NQO1) are involved in the synthesis of glutathione (GSH) and redox homeostasis, respectively (7, 45, 46, 55) . Conjugating enzymes, including glutathione S-transferases (GSTs) and UDP-glucuronosyltransferase, facilitate the removal of toxic and carcinogenic chemicals by increasing their solubility and excretion (19, 21, 28) . Transporters, such as multidrug resistance proteins and p-glycoproteins, are important in the uptake and removal of xenobiotics (18, 37, 51, 58) .
Interestingly, the ''dark'' side of Nrf2 has been recently revealed. Somatic mutations in either Keap1 or Nrf2 that disrupt Keap1-mediated negative regulation of Nrf2 have been identified in many types of cancer, which result in high constitutive levels of Nrf2. In addition, reduced expression of Keap1, due to hypermethylation or loss of heterozygosity, also leads to high basal levels of Nrf2 in certain cancers (32, 44) . As(III) itself is an Nrf2 activator and has been shown to induce the Nrf2 pathway in many cell lines in vitro and in the liver, bladder, and lung when As(III) was administered through drinking water or inhaled particles in vivo (25, 33, 62) . It is perplexing how could both beneficial chemopreventive compounds and harmful arsenicals induce Nrf2. Intriguingly, in our recent studies we uncovered a distinct mechanism of Nrf2 activation by As(III) at low environmentally relevant doses that is different from that of dietary chemopreventive compounds, such as SF and tBHQ (33, 54) (manuscript accepted to Molecular and Cellular Biology). Unlike SF and tBHQ that activate Nrf2 in a Keap1-C151 dependent, and p62-independent manner (canonical), As(III) activates Nrf2 in a noncanonical manner that is Keap1-C151 independent, and p62-dependent. Detailed studies indicate that As(III) causes an increase of autophagosomes where Keap1 and p62 accumulates, leading to inactivation of Keap1 and upregulation of Nrf2. More importantly, the noncanonical activation of Nrf2 by arsenic results in a prolonged activation of Nrf2, which mimics high constitutive levels of Nrf2 observed in certain cancer types, deemed the dark side of Nrf2 (33) (manuscript accepted to Molecular and Cellular Biology). It is likely that the prolonged activation of Nrf2 by arsenic underlies arsenic toxicity and carcinogenicity.
Elucidating the differences in the mode of Nrf2 activation between canonical versus noncanonical Nrf2 activators led us to hypothesize that Nrf2 activation by canonical Nrf2 activators is protective, whereas its activation by noncanonical Nrf2 activators is harmful. In addition, the canonical Nrf2 activators can alleviate arsenic-mediated toxic effects. In an attempt to identify improved canonical Nrf2 activators for systemic protection against As(III)-induced tissue damage we have focused on medicinal plant-derived Nrf2 activators. Here we demonstrate that tanshinone I (T-I), a phenanthrenequinone constituent of the Chinese medicinal herb Danshen (Salvia miltiorrhiza), is a potent Keap1-C151-dependent Nrf2 activator that stabilizes Nrf2 by hindering its ubiquitination. In human bronchial epithelial (HBE) cells exposed to As(III), T-I displayed pronounced cytoprotective activity with upregulation of Nrf2-orchestrated gene expression. In an in vivo As(III) inhalation model, T-I activated the Nrf2 signaling pathway attenuating As(III)-induced inflammation in lungs from Nrf2
Results
Identification of tanshinones I and dihydrotanshinone as Nrf2-inducers
Employing a dual luciferase reporter assay with the mGST-ARE firefly luciferase plasmid reported previously, we measured the ability of four major tanshinones [T-I, dihydrotanshinone (DHT), tanshinone IIA (T-IIA), and cryptotanshinone (CT)] in inducing the transcriptional activity of Nrf2 (Fig. 1A) . The transcriptional activity of Nrf2 was upregulated upon exposure to low micromolar concentrations that was most pronounced in response to T-I and DHT (Fig. 1B) . Similarly, the protein level of Nrf2 was enhanced by tanshinone exposure (Fig. 1C) . Again, T-I and DHT were the most active tanshinones causing upregulation of Nrf2 at the protein level similar to that induced by SF (Fig. 1C) . Based on the activity of T-I in upregulating Nrf2 we focused our subsequent mechanistic and cytoprotection studies on T-I.
TAO ET AL.
T-I activates Nrf2 in a C151-dependent manner and decreases its ubiquitination Consistent with the result demonstrating upregulation of Nrf2 at the protein level in response to T-I treatment (Fig. 1C) , the transcriptional activity of Nrf2 is also induced by T-I in a dose-dependent manner ( Fig. 2A) . At doses ‡ 4 lM a significant induction of luciferase activity was observed that was five fold over control at 20 lM, at which dose there was no observable toxicity ( Fig. 2A) .
Next, the mechanism of Nrf2 activation by T-I was investigated. As demonstrated previously, established Nrf2 inducers, such as SF and tBHQ cause Nrf2 activation through inhibition of the Keap1-mediated ubiquitination of Nrf2 (60) . Therefore, an in vivo ubiquitination assay was performed using MDA-MB-231 cells cotransfected with expression vectors for Nrf2, Keap1, and HA-ubiquitin, and were either left untreated or treated with SF or T-I. When cells were treated with T-I, ubiquitination of Nrf2 decreased compared to the untreated control (Fig. 2B) . As expected, SF also decreased Nrf2 ubiquitination (Fig. 2B) . Next, the half-life of endogenous Nrf2 protein was determined. Cycloheximide was added to untreated or T-I-treated cells for the indicated time. The protein level of Nrf2 was detected by immunoblot analysis (Fig.  2C, upper panel) . The intensity of the Nrf2 band was measured and plotted against the time after addition of cycloheximide and the half-life of Nrf2 was calculated (Fig. 2C,  lower panel) . The half-life of Nrf2 under untreated conditions was 14.6 min; however, after T-I treatment, the half-life of Nrf2 increased to 31.9 min (Fig. 2C) . These results indicate that T-I activates the Nrf2-dependent response by decreasing its ubiquitination and thus, stabilizing Nrf2 at the protein level.
Previously, we reported that the critical cysteine residue at amino acid 151 (C151) in Keap1 is required for activation of Nrf2 by SF or tBHQ. We also have shown that As(III)-induced Nrf2 activation occurs independent of Keap1 (C151) (54, 60) . Therefore, to determine the specific mechanism by which T-I activates the Nrf2 pathway, we investigated whether T-Imediated Nrf2 activation was also dependent on C151 (Fig.  2D) . A specific Keap1-siRNA targeting the 3¢ untranslated region was included during transfection to knockdown the expression of endogenous Keap1. Cells were then cotransfected with expression vectors for either Keap1-WT or Keap1-C151 along with ARE-firefly luciferase and renila luciferase. Before measurement of dual luciferase, cells were treated with As(III), SF, and tBHQ for 16 h. Pronounced enhancement of Nrf2 activity was observed with all treatments [T-I, As(III), SF, tBHQ] when Keap1 wild-type (Keap1-WT) was cotransfected (Fig. 2D , upper panel; black bars). In contrast, upon expression of the mutated Keap1-C151S, Nrf2 activation by T-I, SF, and tBHQ was dramatically blunted, but As(III) was still able to activate Nrf2 (Fig. 2D , upper panel; gray bars). This is consistent with a C151-dependent (T-I, SF, tBHQ) or independent [As(III)] mechanism of activation. Immunoblot analysis of cell lysates further confirmed the results obtained from the luciferase assay. For cells transfected with Keap1-WT, all treatments increased the protein level of Nrf2 (Fig. 2D, lower panel) . When Keap1-C151S was transfected into cells, only As(III) increased Nrf2; however, induction of Nrf2 by T-I, SF, and tBHQ was blocked (Fig. 2D , lower panel). These results demonstrate for the first time that T-I is a canonical Nrf2 inducer and it activates the Nrf2 pathway through the critical C151 sensor residue in Keap1.
T-I activates Nrf2 and its downstream genes in HBE cells and protects HBE cells from As(III)-induced oxidative stress and cytotoxicity
Since the lung is the major target organ for arsenicmediated toxicity and carcinogenicity, the ability of T-I to activate the Nrf2 signaling pathway was tested in HBE cells. When cells were exposed to T-I for 4 h, endogenous Nrf2 protein levels increased in a dose-dependent manner (Fig.  3A) . Similar to SF, T-I had no effect on Keap1 protein levels (Fig. 3A) . Next, the time dependent induction of Nrf2 by T-I along with MG132 (10 lM) for 4 h before cell lysates were collected for ubiquitination assay. Anti-Nrf2 immunoprecipitates were analyzed by immunoblot with anti-HA antibodies for detection of ubiquitin-conjugated Nrf2. (C) Cells were either left untreated or treated with T-I (5 lM) for 4 h. Cycloheximide (50 lM) was added and cells were lysed at the indicated time points. Cell lysates were subjected to immunoblot analysis using anti-Nrf2 and anti-b-actin antibodies. The intensity of the bands was quantified using Quantity One software and plotted against the time after cycloheximide treatment. (D) The ARE luciferase reporter gene assay was performed in the same way as described in (A), except that Keap1-C151S, rather than Keap1-WT, was cotransfected in half of the samples. In addition, a Keap1-siRNA against the 3¢ untranslated region was cotransfected to suppress endogenous Keap1. The transfected cells were then treated with T-I (5 lM), As(III) (10 lM), SF (5 lM), or tBHQ (50 lM) for 16 h, before the measurement of firefly and renilla luciferase activities. Data were expressed as means -SD (*p < 0.05 control vs. compound treatment;
). An aliquot of cell lysates was used for immunoblot analysis. Keap1, Kelch-like ECH-associated protein-1; tBHQ, tert-butylhydroquinone.
was conducted using two doses (Fig. 3B) . A significant increase in Nrf2 protein level was observed as early as 2 h and persisted up to 12 h at both doses ( Fig. 3B ). Again, there was no effect on Keap1 protein levels. Nrf2 protein levels returned to basal levels by 24 h (Fig. 3B ), but protein levels of two Nrf2 downstream target genes, NQO1 and c-GCS, displayed sustained upregulation up to 48 h (Fig. 3B) . Consistent with the notion that T-I activates the Nrf2 pathway by stabilizing Nrf2 proteins, the mRNA level of Nrf2 did not change upon treatment with T-I or SF (Fig. 3C ). However, mRNA levels of NQO1 and GCLM, were significantly induced by T-I treatment and the fold of their induction was comparable to that elicited by SF (Fig. 3C ). Taken together these results indicate that T-I activates expression of Nrf2 target genes by upregulation of Nrf2 at the protein level in lung epithelial cells. Next, we examined the feasibility of using T-I for cytoprotection against As(III)-mediated toxicity. First, the cytotoxicity of T-I was tested in HBE cells treated with several doses of T-I for 28 h. Ninety percent of the cells remained viable after 20 lM T-I treatment (Fig. 4A) . Therefore, a nontoxic dose (5 lM) was chosen for the subsequent protection assays. Reactive oxygen species (ROS) and cell viability were measured after HBE cells were challenged by As(III) with or without T-I pretreatment. As(III) treatment increased ROS levels, whereas T-I itself did not enhance ROS (Fig. 4B , top panel). Cotreatment with As(III) and T-I suppressed As(III)-induced ROS levels (Fig. 4B, top panel) . However, this T-Imediated suppression of ROS was not observed in cells where Nrf2 expression was blocked by Nrf2-siRNA, indicating that the protection conferred by T-I is Nrf2-dependent (Fig. 4B,  bottom panel) . For the cytotoxicity protection assay, cells were exposed to several doses of As(III) in combination with either dimethyl sulfoxide (DMSO), 5 lM T-I, or 1.25 lM SF (a dose effective in inducing Nrf2 in HBE cells, data not shown) and cell viability was measured after 48 h. Remarkably, T-I and SF treatment improved cell viability in response to As(III) treatment (Fig. 4C) . Taken together, these data indicate that T-I is able to maintain the cellular redox balance upon As(III) challenge and protects cells against As(III)-induced cell death.
T-I activates the Nrf2 signaling pathway and attenuates As(III)-induced inflammation in lungs from Nrf2
To further explore the potential cytoprotective activity of T-I in a relevant animal model, we tested T-I in an in vivo As(III) inhalation model recently established by our team. First, a pilot study was carried out to test the best treatment regimen (dose and injection frequency) that results in repeated activation of Nrf2-dependent response. We demonstrated that systemic delivery of T-I (10 mg/kg, i.p., every 48 h) is effective in upregulating pulmonary protein levels of Nrf2 and Nrf2 target genes (c-GCS and NQO1), in Nrf2
-/ -mice, as measured by both immunohistochemistry (IHC) (Fig. 5A ) and immunoblot analysis (Fig.  5B) . Next, feasibility of T-I-based tissue protection was examined. Mice were given either corn oil (control) or T-I (10 mg/kg, dissolved in corn oil) through i.p. injection every other day, while breathing in As(III)-containing dust for 15 consecutive days. Hematoxylin and eosin (HE) staining revealed infiltration of inflammatory cells and alveolar septal thickening in the lungs of both Nrf2
+ / + and Nrf2 -/ -mice exposed to dust containing As(III) (Fig. 6A, HE panel) . T-I injection did not affect the lungs of mice in either genotype (Fig. 6A, HE panel) . Importantly, in mice exposed to As(III) and cotreated with T-I, pulmonary pathological alterations were reduced in Nrf2 + / + mice, whereas no improvement was observed in Nrf2 -/ -lungs (Fig. 6A, HE panel) . Furthermore, IHC analysis for 8-hydroxy-2¢-deoxyguanosine (8-OHdG) was performed to detect As(III)-induced oxidative DNA damage. As(III) enhanced 8-OHdG staining in both Nrf2
. In contrast, T-I itself did not have any effect; rather cotreatment with T-I and As(III) suppressed 8-OHdG staining in Nrf2 + / + , but not in Nrf2 -/ -mice (Fig. 6A, 8-OHdG panel) . These results indicate that T-I protects against arsenic-mediated pulmonary damage through activation of the Nrf2 pathway. To further support the data obtained, analysis of bronchoalveolar lavage (BAL) fluid for total and distinct inflammatory cell types was conducted. As(III) increased inflammatory cell infiltration as assessed by the number of total cells as well as the number of macrophages, neutrophils, or lymphocytes in both Nrf2
and Nrf2
-/ -mice (Fig. 6B) . T-I administration in unchallenged mice did not change any of the inflammatory cell numbers in either genotype. However, T-I treatment decreased As(III)-induced inflammatory cell infiltration (total, macrophages, lymphocytes) only in Nrf2 + / + mice, but not in Nrf2 -/ -mice (Fig. 6B) . A similar effect was observed with neutrophils but did not reach to the level of statistical significance (Fig. 6B) . These data suggest that T-I can decrease pulmonary inflammatory response associated with As(III) exposure through activation of the Nrf2-dependent defensive mechanism.
As expected, immunoblot analysis confirmed increased protein levels of Nrf2, NQO1, c-GCS in the lungs of Nrf2 + / + mice exposed to the single or combined action of T-I and As(III) at the time of tissue collection at 15 day post-treatment ( Fig. 7A) . On the other hand, protein levels of Nrf2, NQO1, and c-GCS were not affected by any of the treatments in Nrf2
-/ -mice (data not shown). Since NF-jB is a common signaling pathway regulating inflammatory response, protein levels of phosphorylated-p65 (p-p65) versus p65 were assessed as a measurement of NF-jB activation in both Nrf2
and Nrf2 -/ -mice. A significant increase in p-p65 protein level but not p65 was observed in the lung of both Nrf2
-/ -mice when treated with As(III) (Fig. 7A) . T-I alone did not affect p-p65 and p65 protein levels in both genotypes (Fig. 7A) . When Nrf2 + / + and Nrf2 -/ -mice were treated with both T-I and As(III), p-p65 protein levels slightly decreased when compared to the As(III) alone treated group in the lungs of Nrf2 + / + mice but not Nrf2 -/ -mice. Independent ELISA-based analysis with interleukin (IL)-6 and TNF-a confirmed the As(III)-induced activation of the NF-jB signaling pathway and its attenuation by T-I administration that only occurred in Nrf2
+ / + ; however, suppression of IL-6 levels by T-I was not statistically significant (Fig. 7B) . Participation of CD4 + T cells, including Th1 and Th2 cells, in the As(III)-mediated inflammation response has recently been revealed (11, 12, 62) . Therefore, we employed real-time reverse transcription-polymerase chain reaction (RT-PCR) to detect the mRNA levels of Th2 cytokines (IL-13 and IL-4) and Th1 cytokines (IL-2 and interferon gamma [IFNc]) (Fig. 8) . Indeed, As(III) upregulated IL-13 and IL-4 mRNA levels in both Nrf2
+ / + and Nrf2 -/ -mice, and T-I treatment alone did not affect any of the cytokines. However, when As(III) was administered together with T-I, the As(III)-mediated increase in IL-13 was suppressed only in Nrf2 + / + lungs (Fig. 8) . For IL-4, a similar effect was observed but did not reach the level of statistical significance (Fig. 8) . Since IL-13 stimulates airway fibrosis largely through activation of transforming growth factor beta (TGF-b) (31, 34) , the mRNA level of TGF-b was also assessed. Indeed, TGF-b mRNA levels increased when treated with As(III), which was suppressed by T-I coadministration in Nrf2 + / + mice only, but did not reach the level of statistical significance (Fig. 8) . Conversely, As(III) decreased IL-2 and IFNc mRNA levels in both Nrf2 + / + and Nrf2 -/ -lungs (Fig.  8) , and T-I treatment alone did not affect IL-2 and IFNc. Again, when treated in conjunction with As(III), T-I restored mRNA levels of IL-2 and IFNc in Nrf2 + / + mice, but not in Nrf2
-/ -mice (Fig. 8) . Furthermore, monocyte chemoattractant protein-1 (MCP-1) mRNA levels increased in response to As(III) in both genotypes. However, T-I treatment suppressed the As(III)-mediated response only in Nrf2 + / + mice (Fig. 8 ). This result agrees with the enhanced inflammatory cell infiltration in response to As(III) exposure and its Nrf2-dependent suppression by T-I as observed by BAL cell counting (Fig. 6B) . Collectively, these results suggest that As(III)-induced pulmonary inflammatory pathology and pathogenic Th2 cytokine response can be suppressed by systemic delivery of the novel Nrf2 activator T-I.
Discussion
Environmental and occupational exposure to As(III) represents an unresolved major public health concern affecting large populations on a global scale. An urgent need exists for the development of strategies that prevent or limit tissue damage and pathologies associated with acute and chronic As(III) exposure. Tanshinones, phenanthrenequinone constituents of the Chinese medicinal herb Danshen (S. miltiorrhiza), have recently emerged as potent antioxidant, anti-inflammatory, and cytoprotective factors showing efficacy in cancer (14, 35) , cardiovascular disease (29, 30) , ischemia reperfusion injury (1), and hepatic fibrosis (52) .
By comparing the ability of four major tanshinones in inducing Nrf2 activity, we identified that both T-I and DHT are Nrf2 activators. Since T-I elicits less cytotoxicity than DHT, T-I was further characterized for its mechanistic action of Nrf2 activation and for its potential therapeutic application. Our experiments demonstrate for the first time that T-I induces the Nrf2-dependent response primarily by hindering its ubiquitination and degradation of Nrf2, and thus, stabilizing Nrf2 protein levels in a Keap1-C151-dependent manner ( Figs. 1  and 2 ). According to this result, T-I is a canonical Nrf2 activator. More importantly, the potential therapeutic use of T-I as a novel Nrf2 inducer has not been reported until now. Unlike many experimental Nrf2-inducers with undefined or unfavorable pharmacokinetic profiles, tanshinones are investigational drugs currently in advanced stages of clinical development in human patients with cardiovascular diseases and other indications (clinicTrials.gov: NCT01452477; NCT01637675). Therefore, in this study we investigated the therapeutic potential of T-I in protecting against arsenic toxicity using both HBE cells in vitro and a whole animal inhalation model relevant to human low doses of environmental exposure to arsenic in vivo.
In HBE cells exposed to As(III), T-I upregulated the Nrf2-orchestrated gene expression and displayed pronounced cytoprotective activity, an effect associated with pharmacological activation of Nrf2 by T-I (Figs. 3 and 4) . T-I conferred cellular protection by maintaining cellular redox homeostasis under As(III) challenge and thus, enhancing cell viability (Fig.  4) . Coordinated induction of the Nrf2-mediated cellular defense response, including upregulation of cellular antioxidant, phase II detoxifying enzymes, transporters and many other cytoprotective proteins, may contribute to the T-I-mediated protection observed in response to As(III) exposure.
FIG. 5. Pulmonary Nrf2 activation by systemic administration of T-I. Nrf2
+ / + and Nrf2 -/ -mice were i.p. injected with 10 mg/kg T-I. Mice were sacrificed at 48 h postinjection and the lung was isolated. (A) Lung tissue sections were subjected to IHC analysis with anti-Nrf2 antibodies (n = 3 in each group; one representative tissue section is shown per group). Scale bar: 100 lm. (B) Lung tissue lysates form Nrf2 + / + mice were subjected to immunoblot analysis with the indicated antibodies. Each lane contains a lung tissue sample from individual mice. Note: immunoblot analysis results were not included with tissues from Nrf2 -/ -mice because low expression levels of Nrf2, NQO1, and c-GCS. IHC, immunohistochemistry; c-GCS, c-glutamylcysteine synthetase.
TANSHINONE I, A NOVEL NRF2 ACTIVATOR
In an in vivo As(III) dust inhalation model conducted in Nrf2 + / + and Nrf2 -/ -mice, preventive efficacy of systemic administration of T-I was only observed in Nrf2 + / + mice, consistent with the notion that T-I-mediated tissue protection is derived from activation of the Nrf2 pathway (Fig. 6) . The results obtained using HE staining, 8-OHdG IHC and BAL cell counting indicate that inhaled As(III) dust caused similar severity of pulmonary oxidative damage and inflammation (except lymphocyte infiltration shown in Fig. 6B , lymphocyte panel) in both Nrf2
+ / + and Nrf2 -/ -mice as judged by infiltration of inflammatory cells and alveolar septal thickening (Fig. 6) . These results are coherent with our previous study demonstrating that in mice given drinking water contaminated with As(III), lung inflammation occurred irrespective of Nrf2 genotype (25) . The reason that Nrf2 + / + mice did not show reduced inflammation compared to Nrf2
-/ -mice may be due to the extremely low basal level of Nrf2 in the lung. However, administration of T-I attenuated inflammatory events in the lung of Nrf2 + / + mice without showing therapeutic effects in Nrf2
-/ -mice. Similarly, protein levels of pp65, an inflammatory marker indicative of NF-jB activation, also increased upon As(III) exposure irrespective of Nrf2 status, but was suppressed by T-I administration only in Nrf2 + / + mice (Fig. 7) . These results strongly suggest that activation of Nrf2 by T-I plays a critical role in protecting lungs from As(III)-induced inflammation and toxicity.
Th2 polarized immune response is implicated in the pathology of allergic diseases (39) . When assessing the potential participation of CD4 + T cells, including Th1 and Th2 cells, in As(III)-induced lung inflammation using real-time RT-PCR-based profiling of cytokine expression, we observed an As(III)-induced Th2 polarized cytokine response as evidenced from the upregulation of IL-13 and IL-4 mRNA in lung tissue (Fig. 8) . In addition to IL-13 and IL-4, proinflammatory cytokines, including TGF-b and MCP-1 were also increased by As(III) inhalation. In contrast, other proinflammatory cytokines, such as Th1 cytokines (IL-2 and IFNc) displayed an As(III)-induced decrease, changes that were observed in response to As(III) exposure irrespective of Nrf2 status. This observation suggests that the inflammatory response to As(III) is not Nrf2-dependent. However, when mice were treated with T-I in combination with As(III) exposure, the mRNA levels of all cytokines were restored in Nrf2 + / + mice only (Fig. 8) , suggesting that Nrf2 plays a protective role against the As(III)-induced inflammatory response by acting as an immune modulator. However, the detailed mechanisms by which Nrf2 modulates the immune response require further investigation.
There is mounting evidence suggesting that As(III) induces ROS by depleting GSH or by damaging mitochondria (33, 47) . Therefore, it was proposed that As(III) may indirectly activate the Nrf2 pathway by increasing ROS (36) . However, the doses used in these earlier experiments showing generation of ROS in response to As(III) are extremely high. On the other hand, low environmentally relevant doses of arsenic do not seem to cause detectable changes in the intracellular redox status (33) . Therefore, it is unlikely that the Nrf2-mediated protection against arsenic toxicity solely relies on the Nrf2-dependent antioxidant response that neutralizes ROS. Recently, we found that at low concentrations, arsenic is able to block autophagic flux, resulting in accumulation of autophagosomes where Keap1 and p62 proteins aggregate. Nrf2 activation by canonical Nrf2 activators, such as SF and tBHQ completely reversed autophagosomal accumulation in response to As(III), suggesting that canonical Nrf2 activators can be used to block As(III)-mediated autophagy deregulation (manuscript accepted to Molecular and Cellular Biology). The possible mechanisms of Nrf2 activator-mediated protection against arsenic toxicity are still not clear, although many compounds, such as SF, CA, tBHQ, and lipoic acid have been shown to protect against arsenic toxicity both in vitro and in vivo (33) . Shinkai et al. demonstrated that activation of Nrf2 by SF reduced intracellular accumulation of As(III), and thus, reduced As(III) toxicity (48) . The authors have suggested that upregulation of certain Nrf2 target genes, such as c-GCS, GST isoforms and MRP1 enhance the excretion of arsenic (48) . Therefore, it is highly possible that T-I alleviates the arsenic effect by reducing the intracellular concentration of arsenic though reduced uptake and enhanced export, which requires further investigation.
Taken together, our experiments demonstrate the feasibility of preventing As(III)-induced lung inflammation by systemic administration of T-I, a novel canonical Nrf2 activator characterized for the first time in this study. The T-I-mediated intervention may also prove to be efficacious for other types of environmental insults and may also confer protection against tissue damage in other organs.
Materials and Methods
Chemicals and cell culture T-I and As(III) (NaAsO 2 ) were purchased from Sigma, and SF was purchased from Santa Cruz. Human bronchial epithelium cells 16HBE14o (HBE) were obtained from California Pacific Medical Center, San Francisco. HBE cells were grown in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS; Atlanta Biological), 5% L-glutamine, and 0.1% gentamycin (Invitrogen). Human MDA-MB-231 breast carcinoma cells, purchased from ATCC, were cultured in MEM supplemented with 10% FBS, 5% L-glutamine, 0.1% gentamycin, 2 mM HEPES and 6 ng/ml bovine insulin (Invitrogen). All mammalian cells were incubated at 37°C in a humidified incubator containing 5% CO 2 .
FIG. 6. T-I attenuates As(III)-induced pathological alterations and inflammatory cell infiltration in lungs from Nrf2
1/1 but not Nrf2 2/2 mice. Nrf2 + / + and Nrf2 -/ -mice received systemic delivery of corn oil or T-I (10 mg/kg, i.p., every 48 h) for 15 days. During these 15 days, mice were also exposed to As(III)-containing dusts for 30 min everyday. Transfection of siRNA, cDNA, and luciferase reporter gene assay
Transfection of cDNA was performed using Lipofectamine Plus (Invitrogen) and HiPerfect was used for transfection of siRNA, both were used according to the manufacturer's instructions. Nrf2-siRNA (SI03187289) and Keap1-siRNA (SI03246439) were purchased from Qiagen. Activation of Nrf2-dependent transcriptional activity by test compounds was examined as previously published (54) . MDA-MB-231 cells were transfected with the mGST-ARE firefly luciferase reporter plasmid together with expression plasmids for Nrf2, Keap1, and renilla luciferase, an internal control, using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. At 24 h post-transfection, cells were treated with the test compounds for 16 h before cell lysis for analysis of reporter gene activity. Reporter assays were performed using Promega dual-luciferase reporter gene assay system. All samples were run in triplicate for each experiment and the data represent the means of three independent experiments.
Cell viability
As(III)-induced toxicity was measured by functional impairment of the mitochondria using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma). Approximately 5 · 10 4 HBE cells per well were seeded in a 96-well plate and pretreated with DMSO, 5 lM T-I or 1.25 lM SF for 24 h. Cells were then cotreated with the indicated concentrations of As(III) (up to 20 lM) for 48 h. Twenty microliters of 2 mg/ml MTT was directly added to the cells. After incubation (37°C, 0.5-3 h), the plate was centrifuged and the medium was removed by aspiration. One hundred microliters of isopropanol/HCl was added to each well and was shaken at room temperature to dissolve the crystals. Absorbance was measured at 570 nm using the Synergy 2 Multi-Mode Microplate Reader (Biotek). All samples were run in triplicate for each experiment and the data represent the means of three independent experiments.
ROS detection
Cells were pretreated with DMSO (control) or 5 lM T-I for 4 h before the treatment with10 lM As(III) foran additional 24 h. Cells were then washed with phosphate-buffered saline (PBS) and fresh medium containing 2¢,7¢-dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Sigma; 10 lg/ml final concentration) was added. Plates were incubated for 20-60 min at 37°C. Cells were washed twice with PBS, trypsinized, washed again with PBS, and resuspended in PBS to *10 6 cells per ml. Fluorescence was measured using flow cytometry with excitation at 488 nm and emission at 515-545 nm. All steps were handled in the dark.
Antibodies, immunoblot analysis, ubiquitination assay, and protein half-life Antibodies for Nrf2, Keap1, NQO1, c-GCS and b-actin were purchased from Santa Cruz. Cells were harvested in sample buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 mM dithiothreitol (DTT), and 0.1% bromophenol blue). After sonication, cell lysates were electrophoresed through an SDS-polyacrylamide gel and subjected to immunoblot analysis. For ubiquitination assay, MDA-MB-231 cells were cotransfected with expression vectors for HA-tagged ubiquitin, Nrf2 and Keap1, cells were treated with either 5 lM SF or T-Ialongwith 10 lM MG132 for 4 h. Cells were harvested in buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM DTT and immediately boiled. The lysates were then diluted fivefold in buffer lacking SDS and incubated with an anti-Nrf2 antibody. Immunoprecipitated proteins were analyzed by immunoblot with an antibody against the HA epitope (Santa Cruz). To measure the half-life of Nrf2, MDA-MB-231 cells were either left untreated or treated with 5 lM T-I for 4 h. 50 lM cycloheximide was added to block protein synthesis. Total cell lysates were collected at different time points and subjected to immunoblot analysis with an anti-Nrf2 antibody. The relative intensity of the bands was quantified using the ChemiDoc CRS gel documentation system and Quantity One software from BioRad.
mRNA extraction and real-time RT-PCR
RT-PCR was done on total mRNA extracted from cells using TRIzol (Invitrogen). Equal amounts of mRNA were used to generate cDNA using the Transcriptor First Strand cDNA synthesis kit purchased from Roche. RT-PCR procedures and primer sequences of Nrf2, NQO1, GCLM, and GAPDH were described previously and the LightCycler 480 system was used (Roche) (50) .
Quantification of cDNA amount for mIL-13, mIL-4, mIL-2, mIFNc, mTGF-b, mMCP-1, and mb-actin in each tissue sample was performed with KAPA SYBR FAST qPCR Kit (Kapa Biosystems). All primer sets were designed with Primer 3 online free software. And the primers were synthesized by Sigma. mIL-13: forward (caagaccagactcccctgtg) and reverse (aggccatgcaatatcctctg); mIL-4: forward (ccaaggtgcttcgcatattt) and reverse (atcgaaaagcccgaaagagt); mIL-2: forward (aagctctacagcggaagcac) and reverse (atcctggggagtttcaggtt); mIFNc: forward (actggcaaaaggatggtgac) and reverse (gctgatggcctgattgtctt); mTGF-b: forward (gactctccacctgcaagacc) and reverse (gactggcgagccttagtttg); mMCP-1: forward (cccaatgagtaggctggaga) and reverse (tctggacccattccttcttg); mb-actin: forward (aaggccaaccgtgaaaagat) and reverse (gtggtacgaccagaggcatac).
The real-time PCR conditions used were the following: one cycle of initial denaturation (95°C for 3 min), 40 cycles of amplification (95°C for 10 s, 60°C for 20 s and 72°C for 5 s), melting curve (95°C for 5 s, 65°C for 1 min and 97°C continuous), and a cooling period (40°C for 30 s). Mean crossing point (Cp) values and standard deviations (SD) were determined. Cp values were normalized to the respective crossing point values of the mb-actin reference gene. Data are presented as a fold change in gene expression compared to the control group. All reporter gene and RT-PCR analysis were repeated in three independent experiments and in duplicates. Data are all shown as means -SD.
Animals and treatments
Nrf2
+ / + and Nrf2 -/ -mice were obtained by breeding Nrf2 heterozygous mice. All animals received water and food ad libitum. Eight-week-old mice were used for the experiment. Nrf2
+ / + and Nrf2 -/ -mice were randomly allocated into four groups (n = 5 per group): (i) control (corn oil); (ii) T-I (10 mg/kg, dissolved in corn oil); (iii) As(III); (iv) As(III) + T-I; T-I was administrated through intraperitoneal (i.p.) injection every other day for 15 days. During these 15 days mice were also exposed to 4.8 mg/m 3 of the synthetic dust containing 10% As(III) for 30 min/day (62). All 40 mice survived As(III)-dust exposure and/or T-I injections. The dose of T-I was tested initially in a pilot study to ensure Nrf2 was activated up to 48 h after i.p. injection.
BAL and lung tissue collection
After treatment, mice were euthanized and lungs were isolated by carefully opening the thoracic cavity. BAL fluid was obtained by lavaging the lung with 0.5 ml PBS three times. The BAL fluid was centrifuged at 1500 rpm for 8 min at 4°C. Cell pellets were pooled, washed, and resuspended in PBS. Total cell counts were determined using standard hematologic procedures (63) . Cytospins of BAL cells were prepared and slides were stained with a HEMA3 STAT PACK kit (Fisher Scientific Company). Macrophages, neutrophils, and lymphocytes were identified using the standard morphologic criteria. A minimal of 200 cells was examined. The means -SD were obtained by analyzing three batches of BAL fluid, each from individual mice in the same group. The supernatant of the first injection was stored at -80°C until used for an ELISA. Lungs were then collected and divided into two parts: one part was frozen in liquid nitrogen for total RNA extraction and protein analysis. The other part was fixed in 10% buffered formalin to be embedded in paraffin and cut into 4 lm sections for histological and immunochemical analyses.
HE staining and IHC
Tissue sections were stained with HE for pathological examination. IHC analysis was performed as previously described (25) . A monoclonal antibody for 8-OHdG was purchased from Trevigen. Briefly, antigen retrieval of formalin-fixed paraffin-embedded tissue sections was carried out by microwave heating for 7 min at the highest setting to allow the retrieval solution to boil. Next, the sections were microwaved for 10 min at the lowest setting to maintain the retrieval solution at the boiling temperature. The retrieval solution contains 1 · TBS with 0.1% Tween 20 (TBS-T) in 1 mol/L sodium citrate. After antigen retrieval, tissue sections were exposed to 3.5 M HCl for 15 min at room temperature and washed in TBS-T. Subsequently, tissue sections were treated with 0.3% peroxidase to quench endogenous peroxidase activity. Tissue sections were incubated with 5% normal goat serum for 30 min followed by 2 h incubation with an Nrf2 antibody at 1:100 dilution at room temperature. Sections were then incubated with a biotinylated goat anti-rabbit secondary antibody for 1 h. The ABC kit (Vector Laboratories) was then used according to the manufacturer's instructions. Finally, tissue sections were developed for 30 s using the 3,3¢-diaminobenzidine staining kit (Dako), and counterstained with hematoxylin.
ELISA of cytokines in BAL fluid
The ELISA was purchased from eBiosciences and used according to the manufacturer's instructions. Briefly, the plate was coated with 100 ll capture antibody in coating buffer per well and incubated overnight at room temperature. The plate was washed with 250 ll wash buffer, blocked with 200 ll of the assay diluents, and incubated at room temperature for 1 h. A 100 ll of the BAL fluid was added and incubated at room temperature for 2 h. One hundred microliters detection antibody was then added to each well and incubated for 1 h at room temperature. Subsequently, 100 ll avidin-HRP was added and the plate was incubated for 30 min at room temperature. One hundred microliters of the substrate solution was added to each well and incubated for 15 min at room temperature and then 50 ll of the stop solution was added to stop the reaction. The plate was then read at 450 nm and analyzed. The ELISA was performed in triplicate. Serial dilutions of standards were also used to obtain a standard curve.
Statistics
Results are presented as the mean -SD of at least three independent experiments performed in duplicate or triplicate each. Statistical tests were performed using SPSS 10.0. Unpaired Student's t-tests were used to compare the means of two groups. One-way analysis of variance was applied to compare the means of three or more groups. p < 0.05 was considered to be significant.
